A detailed design is given for a flux qubit readout using ballistic fluxons. In this scheme, fluxons propagate through an underdamped Josephson transmission line (JTL) coupled to the qubit, whose state affects the fluxon propagation time. For strong qubit-JTL coupling, and far from the symmetry point, a qubit can be measured with fidelity greater than 99% and measurement time of 4 ns. The readout circuit requires additional rapid single flux quantum (RSFQ) interface circuitry to launch and receive the delayed flux solitons. The parameters of this driver and receiver have been optimized to produce low fluxon speed at launch and impedance matching at the receiver. The delayed solitons are compared to a reference line using a detector with time resolution of better than 16 ps. Both the JTL and RSFQ interface were designed for the Nb 30 A cm −2 process developed at VTT, Finland, with postdeposition of the Al qubit at IPHT,
Introduction
Application of a long Josephson junction for manipulation with a superconducting flux qubit was first introduced in connection with the realization of an RSFQ/qubit classical interface [1] . One of the advantages of such a scheme is that long Josephson junctions act as good high-pass filters, providing up to −100 dB noise attenuation below the plasma frequency [2] . This would eliminate the noise attributed to the resistively shunted junctions used in RSFQ circuits. Another, probably the most important, aspect of the proposed scheme is that the propagation dynamics of fluxons in the long Josephson junctions is quite sensitive to the external field induced by the qubit. Recent work has theoretically developed the principles of the qubit readout when the information about the state of a qubit is contained either in the fluxon transmission probability or propagation time delay [3] . It was shown that, under certain ideal conditions, the measurement time is equal to the backaction dephasing time, which correspond to the criteria of an ideal quantum detector.
The fluxon-based readout was further developed in [4] . This paper investigates the efficiency of the delay time detection mode for experimentally accessible parameters, taking into account various sources of measurement errors. It was found that for optimized fluxon velocity and number of fluxons used in experiment, the qubit can be measured with accuracy reaching 99% far from the symmetry point and above 90% at the symmetry point for strong qubit-JTL coupling. The optimum number of fluxons for both cases is 5, which corresponds to the measurement time of approximately 4 ns.
In this paper we present a design of a flux qubit readout using ballistic fluxons that follows up the theoretical analysis in [4] . A block diagram of the designed circuit is shown in figure 1 . The fluxons propagate through two underdamped Josephson transmission lines (JTLs) that are discrete analogs of long Josephson junctions. A JTL consists of a number of identical underdamped Josephson junctions connected in parallel by inductances. The inductance between junctions is small, so the length of the JTL unit cell a is equal to half of the Josephson penetration depth
1/2 . The fluxons are injected into the lines using an RSFQ driver that is, either electrically or magnetically, coupled to the first cell of the line. One of the lines is coupled to the qubit, whose state affects the fluxon propagation time. The delayed fluxons are compared to reference fluxons at the RSFQ receiver. The following sections describe in detail the designs of the ballistic JTL and RSFQ circuitry.
Fabrication process and design parameters
Both the JTL and the RSFQ interface were designed for the Nb 30 A cm −2 process at VTT, Finland [5] . The junctions have a NbAlO x Nb trilayer with Pd shunt resistors. Typical measured parameters of the unshunted junctions are I c = 2 μA, I c R N = 2.4 mV, R N /R g = 0.1 (4.2 K). These parameters result in a plasma frequency of the junctions of about 28 GHz and dissipation parameter α = ω p /ω c = 0.02 at 4.2 K. At low (<100 mK) temperatures one would expect a decrease of one order of magnitude in the dissipation parameter.
The Al qubit structures were fabricated by using the shadow evaporation technique on top of a fabricated Nb chip. This process was developed at IPHT Jena [6] . We provide here a short description of the process. A thin two-layer e-beam resist is exposed with the e-beam tool LION (Vistec Electron beam GmbH) and developed to produce a small and undercut resist mask. Small free-standing parts of the resist mask will later serve as a mask for the tunnel junctions, according to the layout. The junctions are produced by evaporation and oxidation of aluminium using a two-angle depositionoxidation-deposition cycle on the prepared substrates. First, a 50 nm thick Al film is evaporated and oxidized for 3 min to form the tunnel barrier. Then, at a different angle, a second, 80 nm thick, Al film is evaporated. The process is completely realized in a single vacuum cycle. Finally, the resist mask is removed and the qubit structures with tunnel junctions are obtained.
Design of the RSFQ part of the readout follows general guidelines to meet the small thermal budget at mK temperatures [7, 8] . The circuit does not have bias resistors and utilizes cooling fins on the shunt resistors. Simulations were done using PSCAN and WRSpice physical simulators. The circuit was designed using a custom Cadence design environment including parameterized cells (Pcells), design rule checking (DRC), and layout-versus-schematic (LVS) verification [9] . Values of inductances placed in the ground moats and coupling to the qubit were calculated using fasthenry [10] . 
Josephson transmission line
The theoretical analysis in [4] yields a set of certain design requirements on the critical currents of the Josephson junctions, inductances, coupling to the qubit, and length of the line. The critical current of the junctions in the JTL should be minimized as much as possible to prevent a shift of the qubit far away from the symmetry point 0 /2. For low critical current of the junctions a high cell inductance is needed in order to obtain the required Josephson penetration depth equal to two JTL cells. For this particular fabrication process, the parameters of the line are I c = 2.12 μA and L = 39 pH.
The line inductances are placed in the ground moats to minimize size of the line and eliminate capacitance to the ground. With capacitance of the junctions of 300 fF and inductance of the line of 39 pH, the impedance of the line is 11 and the propagation velocity is 676 cells ps −1 . The choice of the JTL length is determined by two competing criteria. On the one hand, the longer the line the better the noise attenuation that is provided. On the other hand, fluxons propagating through the long line accumulate large jitter, the main error reducing the fidelity of the measurements. For this particular experiment the length of the line is chosen to be 20 cells, which in theory gives about −60 dB of noise attenuation below 28 GHz and a jitter contribution to the error of measurements of about 24% for a single fluxon.
The center cell of the line is designed for coupling to the flux qubit. Reading the qubit state far away from the symmetry point allows relatively strong coupling between the line and the qubit, with coupling coefficient around k = 0.53. Stronger coupling results in too large a shift from the symmetry point of the qubit, and lower coupling would reduce the transmission delay of the fluxons. In practice, the coupling between the line and the qubit is limited by the combined Nb/Al fabrication process with critical distance between Nb and Al strips of 1 μm. In order to get high enough coupling the line inductance is designed in the form of a loop with 14 μm 2 inner area for postdeposition of the qubit (figure 2). In such a geometry the allowable qubit inductance is in the range 20-25 pH, and the maximal coupling is k = 0.41. This value for the coupling is used later in the paper for simulation of the propagation delay of the fluxons.
The bias current of the line, j e , depends on the target stationary velocity of the fluxon, u 0 , and the dimensionless S451 dissipation parameter α = ω p /ω c (equation (12) in [4] ). As was stated in [4] , the range for fluxon velocity required for reliable detection of the qubit is u 0 ≈ 0.1-0.3 cell · ω p (ω p ≈ 24 GHz) corresponding to α ≈ 0.001-0.02. These parameters lead to extremely low bias current of the order of j e ≈ 10 −3 (10 −4 )I c . The problem of applying very low bias current was solved using the approach described in [11] . Each junction of the line is included in the RF SQUID loop weakly coupled to the bias line, as shown in figure 3 . Note that propagation of the fluxon through the line leaves a small fraction of the flux quanta in the RF SQUID bias loops. The remaining flux is removed by reversing the bias current and sending 'negative' fluxon of opposite polarity. Introducing the 'negative' fluxon in the experiment does not change the readout principle due to the symmetry of the problem.
To verify the theoretical calculations, propagation of the fluxons through the JTL was simulated using physical simulators. The simulations were done with a very simple model containing a 20-cell JTL with junction parameters described above and connected at both ends to the matching resistor with resistance 11 . The fluxon is injected using a magnetically coupled DC line [12] . In figure 4 a typical simulated dependence of the fluxon velocity versus bias current is shown in comparison with theoretical curves given for a different value of dissipation parameter. In this particular case a piecewise-linear model of WRSPICE has been used with R N = 1 k , R N /R g = 0.1, and corresponding dissipation parameter α = 0.02. One can see that physical simulations with more accurate determination of junction quasiparticle nonlinear resistance give slightly lower values of the fluxon stationary velocity than the theoretical model. 
SFQ interface
Two types of driver have been designed. The first driver is based on a conventional overdamped RSFQ JTL electrically connected to the ballistic line. An advantage of this driver is its full compatibility with conventional RSFQ circuits. The disadvantage is the influence of the driver on the velocity of fluxons. An SFQ pulse amplified and accelerated by the RSFQ JTL transforms into a fluxon with high initial velocity. Also, there is a certain boundary for the SFQ pulse energy to enter the line. Figure 5 shows the velocity of the fluxon as a function of the ballistic line bias current given for two different parameters of the RSFQ driver. Optimal driver parameters are then chosen to provide the slowest velocity, keeping reasonable operating margins.
The second driver, based on the principle published in [12] , uses an inductance magnetically coupled to the first segment of the ballistic line. Magnetic flux quanta injected in the first segment of the line generate a pair of fluxons propagating in opposite directions. One of them propagates towards the end of the line and the other goes to the termination resistor. In order to avoid possible reflections the resistor value of 11 is equal to the impedance of the line. The inductance of the injection line can either be connected to the external current source or be part of any RSFQ logic gate. In either case this type of driver automatically supports generation of the 'negative' fluxons. The SFQ receiver performs a dual function by receiving the fluxons from the primary and reference lines and comparing the delays. Two types of receiver has been designed, based on the conventional RSFQ confluence buffer or single overdamped Josephson junction.
The input parameters of both receivers have been optimized to ensure almost complete absorption of the fluxon energy and therefore to prevent residual oscillation in the ballistic line. This results in 0.5 nH input inductance, 2.12 μA critical current, 31 shunt resistor, and zero bias current for the detection junction.
The first receiver, based on the RSFQ confluence buffer, has been discussed in [4] . It produces either one or two SFQ pulses depending on the relative delay between incoming signals, with a sensitivity of about 10 ps reached over the detection of the five fluxons. The receiver is directly connected to a conventional SFQ/DC converter to monitor the voltage at room temperature. In total the circuit consists of 11 Josephson junctions and requires four independent bias lines.
The second receiver (figure 6) has been designed for the detection of the pulses of opposite polarity that can be readily done using a single Josephson junction. Opposite fluxons coming simultaneously from the primary and reference lines annihilate each other, and the receiver detects nothing. If the positive fluxon from the primary line arrives first the receiver junction switches and produces positive output pulse. This pulse also propagates to the reference line and annihilates the incoming 'negative' fluxon. In the opposite case the receiver produces a 'negative' pulse. At the output the pulses are converted to voltage using an unshunted SQUID magnetically coupled to the output inductance. The time sensitivity of the receiver is the same as that of the RSFQ confluence buffer; however, it consists of only three Josephson junctions and allows detection of the delay sign.
Several readout circuits have been designed comprising different combinations of the RSFQ drivers and receivers described above. One particular scheme, with the magnetic flux injection and the receiver operating with opposite polarity pulses, is shown in figure 7 . In total, the ballistic line consists of 20 cells, with occupied area of 1.2 mm × 293 μm. For the experiment with qubits the circuit needs five DC lines for the JTL bias supply, flux injection, bias and output of the output SQUID. In addition, the reference line is designed with a central cell coupled to the ordinary SQUID and magnetic flux injection for timing calibration.
Qubit dephasing
We estimate the effect of the shut resistors of the RSFQ interface circuits on the dephasing time of the flux qubit. The Hamiltonian of the qubit in the basis of the persistent current, I p , states is given by
where ( ) = 2I p ( − 0 /2). We can present the external magnetic flux as = const + δ , where the first term is a controlled constant magnetic flux which sets up a working point of the qubit and the second term represents the noise coming from the JTL.
We can rewrite equation (1) as
where E = 2 ( const ) + 2 , X = 2I p δ and tan η = ( const )/ .
The dephasing time can be estimated as
where
and
The noise spectral density can be estimated as
, where δ I is the current in the inductance L of the JTL which is coupled to the qubit via the mutual inductance M. We can write the current spectral density as
Z n is the impedance of a JTL containing n cells with the shunt resistor in the last cell and N is the total number of cells in the JTL. To estimate Z n we can write a recursive expression:
is the impedance of the Josephson junction in the JTL, C J is capacitance of the junction and L J is the nonlinear inductance of the junction. To take into account the shunt resistor, R s , one can write Z 1 = Z J + R s .
To estimate the dephasing time we assume cos η ∼ sin η ∼ 1. 
Conclusion
We have designed a flux qubit readout circuit based on the delay detection of the fluxon propagating through an underdamped JTL. The high fidelity, up to 99%, and short measurement time of 4 ns predicted theoretically for that type of readout can be realized in the practical design used for the existing 30 A cm −2 fabrication process. The circuit includes an RSFQ fluxon driver and an RSFQ fluxon receiver with time resolution of 16 ps. Both the driver and the receiver use shunted Josephson junctions, but due to the filtering properties of the line noise the contribution of the shunts to the dephasing time of the qubit is negligible. The pure dephasing time of the qubit is estimated to be about 20 μs. The most critical requirement for the circuit realization is the extremely low bias current needed to achieve low fluxon velocity. The problem was solved by applying the bias current through the RF SQUIDs weakly coupled to the common bias line. This also gives extra advantages in simplifying the overall design of the readout. As a result, the readout of the flux qubit can be performed only with five DC external leads.
